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Neddylation and Deneddylation of CUL-3 Is Required
to Target MEI-1/Katanin for Degradation at the
Meiosis-to-Mitosis Transition in C. elegans
Introduction
Ubiquitin-dependent proteolysis plays an essential role
in many processes, including cell division, cell prolifera-
tion, and differentiation. In this pathway, covalent at-
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tachment of ubiquitin onto lysine residues of the sub-ETH Ho¨nggerberg
strate is mediated by three classes of enzymes termed8093 Zu¨rich
E1, E2, and E3. The ubiquitin-activating (E1) and theSwitzerland
ubiquitin-conjugating enzymes (E2) are involved in acti-2 Institute of Molecular Biology
vating and transferring ubiquitin to the substrate throughUniversity of Oregon
thioester bond formation. The E3 ubiquitin ligase servesEugene, Oregon 97403
a dual function: it recruits the ubiquitin-loaded E2 and
positions it in close proximity to the substrate, thereby
promoting substrate polyubiquitination and subsequent
degradation by the 26S proteasome [1]. A family of mod-Summary
ular E3 ligases termed SCF (Skp1-Cullin-F-box) has
been discovered in yeast, where they regulate cell cycleBackground: SCF (Skp1-Cullin-F-box) complexes are a
progression, nutrient regulation, and morphogenesis.major class of E3 ligases that are required to selectively
Conventional SCF complexes are composed of Skp1,target substrates for ubiquitin-dependent degradation
the cullin Cdc53, and the RING finger protein Rbx1 (alsoby the 26S proteasome. Conjugation of the ubiquitin-
called Hrt1/Roc1). This core complex associates withlike protein Nedd8 to the cullin subunit (neddylation)
an F box-containing protein, which functions as a sub-positively regulates activity of SCF complexes, most
strate-specific adaptor of the E3 ligase [2].likely by increasing their affinity for the E2 conjugated
While progress has been made on elucidating theto ubiquitin. The Nedd8 conjugation pathway is required
composition of SCF complexes, little is known aboutin C. elegans embryos for the ubiquitin-mediated degra-
their regulation. Several F box proteins are themselves
dation of the microtubule-severing protein MEI-1/Ka-
unstable proteins [3, 4] and may need to dimerize for
tanin at the meiosis-to-mitosis transition. Genetic exper-
full activity [5]. Moreover, their subcellular localization
iments suggest that this pathway controls the activity may contribute to the spatial regulation of SCF activity
of a CUL-3-based E3 ligase. Counteracting the Nedd8 [6]. Importantly, modification of the cullins by the ubiqui-
pathway, the COP9/signalosome has been shown to tin-like protein Nedd8 has been implicated in regulating
promote deneddylation of the cullin subunit. However, SCF activity. In an enzymatic cascade similar to ubiquiti-
little is known about the role of neddylation and dened- nylation, Nedd8 (Rub1 in yeast) is covalently attached
dylation for E3 ligase activity in vivo. on a conserved lysine residue of cullin [7, 8], which,
Results: Here, we identified and characterized the based on structural analysis, is located close to the
COP9/signalosome in C. elegans and showed that it binding site of the E2 enzyme [9]. Indeed, neddylation
promotes deneddylation of CUL-3, a critical target of of the cullin subunit increases SCF activity by promoting
the Nedd8 conjugation pathway. As in other species, the the recruitment of the ubiquitin-conjugating enzyme (E2)
C. elegans signalosome is a macromolecular complex into the SCF complex [10]. Defects in the neddylation
containing at least six subunits that localizes in the nu- pathway in C. elegans phenocopies inactivation of the
cleus and the cytoplasm. Reducing COP9/signalosome cullin CUL-3 and stabilizes the katanin-like protein MEI-1
function by RNAi results in a failure to degrade MEI-1, during mitosis, presumably due to a failure in ubiquitin-
leading to severe defects in microtubule-dependent pro- mediated degradation of MEI-1 after meiosis [11]. These
cesses during the first mitotic division. Intriguingly, re- data suggest that neddylation is essential for the activity
of the CUL-3 complex. However, to date it is not clearducing COP9/signalosome function suppresses a partial
if neddylation is a one-time event or if it has to cycle ondefect in the neddylation pathway; this suppression sug-
the cullin subunit.gests that deneddylation and neddylation antagonize
Antagonizing the neddylation pathway, the COP9/sig-each other.
nalosome complex was recently shown to promoteConclusions: We conclude that both neddylation and
cleavage of Nedd8 from the cullin subunit (deneddyla-deneddylation of CUL-3 is required for MEI-1 degrada-
tion) [12, 13]. The COP9/signalosome is a macromolecu-tion and propose that cycles of CUL-3 neddylation and
lar complex of 450 kDa composed of eight conserveddeneddylation are necessary for its ligase activity in
subunits termed CSN-1–CSN-8. It was originally identi-vivo.
fied in Arhabidopsis thaliana, where mutations in any
CSN subunit lead to constitutive photomorphogenesis
(cop) [14]. The COP9/signalosome is also essential for*Correspondence: bbowerman@molbio.uoregon.edu (B.B.); matthias.
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progression and the response to DNA damage in Schiz- A CSN Complex Is Located in the Nucleus
and the Cytoplasmosacharomyces pombe [17]. Recently, a COP9/signalo-
We performed two-hybrid assays to test whether thesome complex has also been found in budding yeast
CSN subunits were able to physically interact with each[18]. CSN-5 and CSN-6 both contain a conserved MPN
other (Figures 1A and 1B). CSN-1–CSN-6 were fusedmotif (MPR-PAD1-Nterm), while the other signalosome
either to the DNA binding domain or to the activationsubunits all contain a PCI domain (Proteasome, COP9/
domain of the transcription factor Gal-4, and the interac-signalosome, Initiation factor 3 eIF-3). These motifs are
tion was measured in MAV103 cells by using two inde-typically found in proteins that compose the lid of the
pendent reporters (HIS3 and-galactosidase genes, seeproteasome as well as in the translation initiation factor
the Experimental Procedures). Interestingly, this analy-3 (eIF-3), and they are thought to mediate protein-protein
sis revealed a network of interactions among the differ-interactions among the different subunits [19]. Recent
ent CSN subunits (Figure 1B), and the presence of thisevidence suggests that Csn5 (Rri1 in yeast) functions
network implies that the subunits are able to form aas the catalytic subunit of the signalosome complex
macromolecular complex in vivo. For example, CSN-1[20]. In Sacharomyces cerevisiae, rri1 cells accumulate
was able to interact with CSN-2, CSN-4, and CSN-5,the rubylated form of the cullin Cdc53, while, conversely,
while CSN-2 interacted with CSN-1, CSN-3, CSN-4, andCdc53 is not rubylated in rub1 cells. Interestingly, dele-
CSN-6 (Figure 1B).tion of either RRI1 or RUB1 exacerbates the cell growth
To examine the expression and subcellular localiza-defect associated with SCF mutants; this finding sug-
tion of the signalosome complex, we raised a polyclonalgests that neddylation and deneddylation of cullins may
antibody against CSN-5. The affinity-purified serum wasbe required for full SCF activity in vivo [7, 20].
able to detect a specific band at the expected size (41Here, we have investigated the role of the COP9/sig-
kDa) in embryo extracts (Figure 1E). Indirect immunoflu-nalosome in C. elegans. Based on sequence homology,
orescence revealed that CSN-5 was in the cytoplasmwe identified six subunits and found that inactivation
during mitosis and was prominently in the nucleus dur-of the COP9/signalosome by RNAi interferes with cell
ing interphase of early embryos (Figures 1Da, 1Dc, anddivision in early embryos. Interestingly, the observed
1De). This staining was specific, as it was not detectedphenotypes closely mimic inactivation of CUL-3 or the
in csn-5(RNAi) embryos (Figure 1Dg).NED-8 conjugation pathway, and we show that CUL-3
is indeed a critical target of both the neddylation path-
way as well as the COP9/signalosome. Based on genetic
Loss of COP9/Signalosome Activity Causesevidence, we propose that cycles of neddylation and
Defects in Microtubule-Dependent Processesdeneddylation are essential for the activity of the CUL-3
at the Meiosis-to-Mitosis Transition
ubiquitin ligase in vivo.
To address the function of the COP9/signalosome com-
plex during the early cell divisions of C. elegans embryos,
we inactivated the signalosome (see the Experimental
Results
Procedures) and recorded the two first embryonic divi-
sions with Nomarski Differential Interference Contrast
The C. elegans Genome Encodes Six Conserved
optics (DIC) by time-lapse microscopy. Interestingly,
Signalosome Subunits csn(RNAi) embryos displayed several defects in micro-
Searches in the C. elegans databases with PSI-BLAST tubule-dependant processes at the one- and two-cell
analysis allowed us to identify six putative signalosome stage that were similar to those caused by reducing the
subunits that exhibit significant amino acid identity with activity of the NED-8 conjugation pathway [11]. While
their mammalian, Drosophila, and plants counterparts in wild-type embryos the mitotic spindle set up and
(see the Supplemental Data available with this article elongated along the AP axis after a 90 rotation of the
online). Like in other species, CSN-5 and CSN-6 contain nucleocentrosomal complex (Figure 2Ad), the mitotic
a MPN motif, while all the other subunits harbor a PCI spindle was not correctly oriented and sometimes elon-
domain. This search also identified K08F11.3 as a puta- gated transversally in csn(RNAi) embryos (Figure 2Aj
tive CSN-7 homolog (see the Supplemental Data), al- and Table 1). Examination of microtubules during meta-
though the amino acid identity with bona fide CSN-7 phase and anaphase in fixed csn-6(RNAi) embryos by
proteins from other species is rather low. Surprisingly, using indirect immunofluorescence revealed that the mi-
no obvious C. elegans CSN-8 homolog was detected. crotubule network was disorganized, and astral microtu-
The CSN-5 homolog in Saccharomyces cerevisae bules required for spindle positioning and elongation
(Rri1) was recently shown to function as a deneddylase appeared shorter (Figure 2Cc and 2Cd). Cytokinesis
for the cullin Cdc53 [12, 20]. To test whether CSN-5 is a failed in roughly 75% of the csn(RNAi) embryos, and the
functional homolog of Rri1, we examined the rubylation lack of cytokinesis led to the formation of multinucleated
state of Cdc53 in rri1 cells expressing CSN-5 from the cells (Table 1). Finally, during interphase of the two-cell
constitutive ADH1 promoter (Figure 1C). While Cdc53 stage, the reforming nuclei were misplaced and were
migrated as a doublet in wild-type cells (lane 1), it pre- found close to the cell cortex. Inactivation of the other
dominantly accumulated in the slower migrating (ruby- CSN subunits by RNAi resulted in similar phenotypes;
lated) form in the rri1 strain (lane 2). Interestingly, ex- in all cases, penetrant defects in spindle orientation and
pression of CSN-5 in the rri1 strain was able to restore in cytokinesis were observed (Figures 2A and 2B; Table
derubylation of Cdc53 (lane 3), demonstrating that 1). Simultaneous inactivation of csn-2 and csn-5 did not
result in additional phenotypes, suggesting that CSN-2CSN-5 function is conserved.
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Figure 1. Characterization of the COP9/Signalosome in C. elegans
(A) Two-hybrid interaction matrix of the C. elegans COP9/signalosome subunits. Yeast cells (MAV103) expressing CSN-1–CSN-6 (fused to the
Gal-4 DNA binding domain, “DB”) and CSN-1–CSN-5 (CSN subunit fused to the activation domain, “AD”) were grown on filters for the
-galactosidase assay.
(B) A schematic representation of the network of interaction defined by two-hybrid experiments. The gray circles represent subunits with
MPN domains; the white circles represent subunits with a PCI domain. The bold lines indicate that the interaction was found to be positive
by using two independent reporter genes (LACZ and HIS3); the dashed lines indicate that the interactions were found to be positive by using
the HIS3 reporter gene. It is important to note that several interactions were found to be positive in one direction but not in the other.
(C) CSN-5 is able to partially restore deneddylation of Cdc53 in the rri1 strain. Protein extracts from wild-type (K699, lane1), rri1 (YLP89,
lane 2), or rri1 expressing CSN-5 under the control of the constitutive ADH promoter (YLP108, lane 3) were loaded on SDS/PAGE and were
transferred to a membrane. The membrane was probed with anti-Cdc53 antibodies. The arrows point to the position of rubylated and
nonrubylated Cdc53.
(D) CSN-5 localized to the nucleus and the cytoplasm. Confocal micrographs of CSN-5 visualized by indirect immunofluorescence with an
affinity-purified anti-CSN-5 antibody and chromosomal DNA in (a and b) wild-type embryos during pronuclear migration, in (c and d) two-cell
embryos, and in (e and f) four-cell embryos. For control, a csn-5(RNAi) embryo is shown in (g). Note that CSN-5 is mainly cytoplasmic during
mitosis (example: AB cell of the two-cell embryo, [c]).
(E) The affinity-purified anti-CSN-5 antibody recognized a specific band at the expected size of 41 kDa. Embryo extracts from wild-type were
loaded on SDS-PAGE and were transferred to a membrane. The membrane was probed with preimmune serum (lane 1) or affinity-purified
anti-CSN-5 antibody (lane 2).
and CSN-5 are part of the same macromolecular com- that these phenotypes can result from a defect in degra-
dation of the katanin-like protein MEI-1 at the meiosis-plex. Thus, both neddylation and deneddylation path-
ways appear to be required for proper regulation of to-mitosis transition [11]. To examine MEI-1 levels in
live embryos, we generated a strain that expresses MEI-1microtubule stability in the early embryo.
fused to the green fluorescence protein (GFP) (see the
Experimental Procedures). As expected based on pub-The Signalosome Is Required for the Degradation
of MEI-1 after Meiosis lished studies of MEI-1 localization in fixed embryos,
MEI-1::GFP localized to the meiotic spindle and polarThe phenotypes of csn(RNAi) embryos were strikingly
similar to those of embryos lacking functional CUL-3; bodies in wild-type embryos after meiosis but was not
detectable during subsequent mitotic divisions (Figuresthis finding suggests that the COP9/signalosome com-
plex may regulate its activity. We have shown previously 3Af–3Ai). In contrast, MEI-1::GFP was detected on the
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Figure 2. Phenotypic Analysis of csn(RNAi) Embryos
(A) The first two divisions in (a–f) wild-type and (g–l) csn-1(RNAi) embryos were analyzed by DIC microscopy. As compared to the wild-type,
rotation of the nucleocentrosomal complex was often delayed (compare [b] and [h]); the spindle eventually set up along the A-P axis but its
position was unstable and it sometimes aligned transversally (j). Reforming nuclei were incorrectly positioned, and cytokinesis failed in most
of the cases (i).
(B) DIC micrographs of csn-2–csn-6(RNAi) embryos during the first division and at the two-cell stage. (c, k, m, or g) As in csn-1(RNAi) embryos,
the position of the mitotic spindle was highly unstable and often elongated transversally. (n) During cytokinesis, multiple cleavage furrows
formed, and the reforming nuclei were not correctly positioned in the middle of AB and P1 cells. (m and n) Simultaneous inactivation of csn-2
and csn-5 did not exacerbate the phenotypes.
(C) Confocal micrographs of -tubulin in wild-type and csn-6(RNAi) embryos fixed for immunofluorescence during metaphase and anaphase.
(d) In contrast to the wild-type, the microtubule network was disorganized in csn-6(RNAi) embryos; (c) the position of the mitotic spindle was
highly unstable, and the spindle did not set up along the A-P axis of the embryo. Astral microtubules appeared shorter, leading to defects in
spindle positioning.
centrosomes and the mitotic spindle in csn-3(RNAi) em- during mitosis in embryos lacking CSN function were
due to a failure to downregulate MEI-1/Katanin, webryos (Figures 3Bf and 3Bg). Supporting this observa-
tion, Western blot experiments revealed an accumula- asked if reducing MEI-1 function could rescue defects
resulting from inactivation of the COP9/signalosome.tion of MEI-1::GFP during embryogenesis in csn-1 and
cul-3(RNAi) embryos (Figure 3C). To determine if the While csn-2(RNAi) embryos displayed severe defects in
spindle positioning and cytokinesis (Table 1), spindledefects in microtubule-dependent processes observed
CUL-3 Regulation by Neddylation and Deneddylation
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Table 1. Inactivation of the COP9/Signalosome by RNAi Causes Defects in Microtubule-Dependent Processes that Are Suppressed
by Inactivation of mei-1
Spindle Orientation Defect (PO) Cytokinesis Defect Number
Wild-type 0% 0% n  10
csn-1(RNAi) 70.50% 76.40% n  17
csn-2(RNAi) 75% 79.20% n  24
csn-3(RNAi) 75% 75% n  4
csn-4(RNAi) 100% 78% n  9
csn-5(RNAi) 61.50% 69.20% n  13
csn-6(RNAi) 28% 48.30% n  29
csn-2(RNAi); csn-5(RNAi) 72% 91% n  8
csn-2(RNAi); mei-1(RNAi) 0% 0% n  11
The orientation of the spindle was determined at the end of mitosis (defined by cleavage furrow ingression) in wild-type and in the indicated
csn(RNAi). In wild-type embryos, the mitotic spindle aligns and elongates along the anterior-posterior (A-P) axis of the embryo (angle with
the A-P axis corresponds to 0). Embryos in which the mitotic spindle formed an angle with the A-P axis were scored as embryos presenting
a spindle orientation defect (see Figure 2Aj, angle  90C). Embryos that were able to initiate the formation of a cleavage furrow that
subsequently regressed were scored as embryos with a cytokinesis defect.
positioning and cytokinesis were rescued in 11 out of Figure 4A, these antibodies specifically recognized two
bands migrating at the expected size for CUL-3 and11 mei-1(RNAi); csn-2(RNAi) embryos. We conclude that
neddylated CUL-3, respectively. Indeed, both bandsboth the COP9/signalosome and the NED-8 conjugation
were strongly reduced in cul-3(RNAi) embryos (Figurepathway are required for ubiquitin-mediated degrada-
4C). Polyclonal anti-NED8 antibodies confirmed that thetion of MEI-1/Katanin.
upper band recognized by the CUL-3 antibody is neddy-
lated CUL-3 (Figure 4A, middle panel). Moreover, the
Neddylated CUL-3 Accumulates after Inactivation level of the slower migrating CUL-3 band was reduced
of the COP9/Signalosome in extracts prepared from embryos lacking a functional
Our genetic studies in C. elegans suggest that neddyla- NED-8 conjugation pathway (Figure 4A). No major ned-
tion and deneddylation of CUL-3 are both required for dylated bands were detected in extracts prepared from
CUL-3 to function as part of an E3 ligase for ubiquitin- cul-3(RNAi) embryos, suggesting that CUL-3 is the major
mediated degradation of MEI-1. To examine CUL-3 ned- neddylated protein at this stage of development. We
dylation, we generated polyclonal anti-CUL-3 antibodies next tested whether neddylation of CUL-3 is altered in
embryos defective for the COP9/signalosome. Interest-and used them to probe embryo extracts. As shown in
Figure 3. Inactivation of CSN-3 or CUL-3 Results in Stabilization of MEI-1::GFP during Mitosis
(A) Time-lapse Nomarski and MEI-1::GFP in wild-type during (a–f) meiosis II, (b, c, g, and h) the pronuclear stage, (d and i) mitosis, and at the
(e and j) two-cell stage.
(B) Time-lapse Nomarski and MEI-1::GFP in csn-3(RNAi) during (a, b, e, and f) the pronuclear stage, (d and i) mitosis, and at the (e and j) two-
cell stage.
(C) Determination of the level of MEI-1::GFP in wild-type as compared to cul-3(RNAi) (upper panel) and “partial” csn-1(RNAi) embryos (lower
panel). Tubulin was used as a loading control. Embryo extracts from wild-type, cul-3(RNAi), or csn-1(RNAi) were loaded on SDS-PAGE and
were transferred. The membrane was probed with anti-GFP (upper panel) or anti-tubulin antibodies.
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Figure 4. CUL-3 Is a Critical Target of the Neddlyation and Deneddylation Pathways
(A) Neddylation of CUL-3 is strongly reduced in a mutant of the neddylation pathway. Total worm protein extracts were prepared from wild-
type and an rfl-1(or198ts) mutant shifted 5 hr at the restrictive temperature (25C) and loaded on SDS-PAGE. The membrane was probed with
affinity-purified anti-CUL-3 (upper panel) or anti-NED-8 antibodies (middle panel). A cross-reacting band was used as a loading control (lower
panel).
(B) The neddylated form of CUL-3 accumulates after inactivation of the COP9/signalosome. Embryo extracts were prepared from wild-type
and csn-5(RNAi) embryos and were examined by immunoblotting with affinity-purified anti-CUL-3 antibody.
(C) RBX-1 might recruit the COP9/signalosome to the CUL-3 complex. Embryo extracts were prepared from wild-type, cul-3(RNAi), or rbx-
1(RNAi) embryos and were examined by immunoblotting with the anti-CUL-3 antibody.
(D) Yeast cells (MAV103) expressing DB-CSN-1 (CSN-1 fused to the Gal-4 binding domain) and AD-RBX-1 (RBX-1 fused to the activation
domain) or DB-CSN-6 and AD-RBX1 (middle panel) were spotted on plates containing 50 mM or 20 mM of the amino acid drug 3-AT,
respectively. Yeast cells expressing AD-Snf4/DB-Snf1 were used as positive controls, and yeast cells expressing AD-empty/DB-CSN-1 or
AD-empty/DB-CSN-6 were used as negative controls.
ingly, a significant accumulation of the slower migrating The Rbx1 Homolog ZK287.5 Interacts
with CSN-1 and CSN-6(neddylated) form of CUL-3 was observed after inactiva-
tion of csn-5 by RNAi (Figure 4B). Quantitation of the The COP9/signalosome complex is physically linked to
the SCF E3 ligase by interacting with the ring-fingerWestern blots revealed that the ratio of neddylated to
unneddylated CUL-3 increased roughly five times in csn- protein Rbx1 [12]. Three proteins sharing significant se-
quence similarity with Rbx1 are encoded by the C. ele-5(RNAi) embryos. The partial accumulation of neddylated
CUL-3 is expected because we are unable to completely gans genome: ZK287.5, R10A10.2, and F35G12.9. Inacti-
vation of ZK287.5 partially phenocopied inactivation ofinactivate csn-5 in all embryos by using the feeding
technique necessary for the preparation of extracts. the NED-8 conjugation pathway (data not shown), sug-
gesting that this protein may function as the ring-fingerTaken together, these results demonstrate that CUL-3 is
neddylated in vivo and suggest that a functional COP9/ protein in the CUL-3 complex. Furthermore, ZK287.5
interacted with CSN-1 and CSN-6 in two-hybrid assayssignalosome complex is required for its deneddylation.
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Figure 5. Inactivation of csn-1 Suppresses the Lethality of the rfl-1(or198) Thermosensitive Mutant Grown at the Semipermissive Temperature
Embryonic lethality (%) of wild-type and rfl-1(or198ts) mutant embryos grown at the semipermissive and the restrictive temperature (23.5C
and 25C, respectively) was determined at several time points after injection (0–60 hr) of dsRNA targeting csn-1 (for the entire time course,
see Figure S8). As a control, the lethality of the noninjected rfl-1(or198ts) mutant was determined at these temperatures. The viability of the
progeny of at least ten injected hermaphrodites was scored. Nomarski micrographs of csn-1(RNAi) (upper panel) and rfl-1(or198ts); csn-
1(RNAi) embryos (lower panel) at the two-cell stage 50 hr after injection are shown at the right.
(Figure 4D). Interestingly, we observed a significant ac- Discussion
cumulation of neddylated CUL-3 in ZK287.5(RNAi) em-
bryos (Figure 4C); this finding suggests that ZK287.5 We have identified and characterized six subunits of the
may recruit the COP9/signalosome to the CUL-3 C. elegans COP9/signalosome complex. Importantly,
complex. we show that CUL-3 is covalently modified by the ubiqui-
tin-like protein NED-8 and that the COP9/signalosome
complex is required for its deneddylation in vivo. OurCycling of NED-8 on CUL-3 May Be Required
data suggest that cycles of neddylation and deneddyla-for CUL-3 Activity In Vivo
tion of CUL-3 may be required to effectively target MEI-1/Our results demonstrate that neddylation and deneddyl-
Katanin for ubiquitin-mediated degradation after com-ation of CUL-3 are both required for ubiquitin-mediated
pletion of meiosis.degradation of MEI-1 after meiosis. We therefore rea-
soned that cycles of neddylation and deneddylation may
be required for proper function of the ubiquitin ligase
The COP9/Signalosome Is Conservedactivity of the CUL-3 complex. To test this hypothesis,
in C. eleganswe took advantage of the temperature-sensitive rfl-
Based on sequence homology, we identified six sub-1(or198ts) mutant, which displays 80% lethality when
units of the C. elegans COP9/signalosome. Like theirgrown at the semipermissive temperature of 23.5C. We
plant, yeast, and mammalian counterparts, they appearused RNAi to reduce csn-1 in rfl-1(or198ts) mutant em-
to assemble in a large complex, as we detect a networkbryos grown at the semipermissive of 23.5C and the
of interactions among the subunits by two-hybrid analy-restrictive temperature of 25C. While reducing csn-1
sis. This network is almost identical to the one deter-function in wild-type worms resulted in almost 100%
mined among subunits in other species. For example,lethality after 42 hr, inactivation of csn-1 in rfl-1(or198ts)
we were able to reveal eight out of nine known interac-mutants grown at 23.5C fully restored viability (Figure
tions involving CSN-1 and CSN-6 [21]. Several CSN sub-5). Identical results were observed after using RNAi to
units were also able to interact with themselves, sug-inactivate each of the other signalosome subunits (data
gesting that they may be able to form higher-ordernot shown). This mutual suppression indicates that the
complexes. CSN-5 was recently shown to function asCOP9/signalosome complex antagonizes the CUL-3
the catalytic subunit of the COP9/signalosome, and itneddylation pathway in vivo and suggests that cycles
contains a Zn2 binding motif in its catalytic site [20].of CUL-3 neddylation and deneddylation may be re-
quired for CUL-3 activity. CSN-5 also contains such a conserved Zn2 binding
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Figure 6. A Speculative Model for the Regu-
lation of CUL-3 Activity by Cycles of Neddyla-
tion and Deneddylation
Efficient polyubiquitinylation of MEI-1 may re-
quire the sequential recruitment of multiple
E2 molecules conjugated to ubiquitin. This
model is based on the fact that the neddy-
lated cullin has a high affinity for the E2, while
the nonmodified cullin has a low affinity. In
the first step (1), neddylation of CUL-3 pro-
motes the recruitment of the E2 conjugated
to ubiquitin (2), allowing the transfer of the
ubiquitin moiety to MEI-1. Deneddylation of
CUL-3 (3) decreases the affinity of the cullin
for the free E2, causing its dissociation from
the complex. A next round of neddylation
(dashed lines) then promotes the recruitment
of a novel E2. Several cycles may be required
to promote efficient polyubiquitinylation of
the substrate MEI-1.
motif, and it is able to functionally complement rri1 dele- leads to stabilization of the replication inhibitor Sic1 [7,
8, 20].tion in S. cerevisiae.
The regulation of cullins by neddylation is highly con-
served and is found in plants, fungi, and mammalianThe COP9/Signalosome Regulates the Meiosis-
species. However, while neddylation/deneddylation isto-Mitosis Transition in C. elegans
essential for the activity of CUL-3, this may not applyInactivation of the COP9/signalosome complex impairs
to all cullins. For example, CUL-2 was previously shownmicrotubule function during mitosis and results in de-
to be required for progression through meiosis II [23],fects in spindle positioning, spindle elongation, and cen-
but we did not observe meiotic defects after reducingtration of the reforming nuclei at the two-cell stage.
the activity of the NED-8 pathway or the COP9/signalo-These phenotypes are similar to those caused by reduc-
some by RNAi; this finding suggests that neither neddy-ing the function of the NED-8 pathway and to those
lation nor deneddylation of CUL-2 are required for itsresulting from expression of a gain-of-function allele of
activity. Likewise, although the cullin Cdc53 in S. cere-the microtubule-severing protein MEI-1 [22]. In wild-type
visiae is neddylated, the neddylation/deneddylationembryos, MEI-1 is required to assemble a meiotic spin-
pathways are not essential for SCF activity in vivo [7,dle but is degraded after meiosis. Importantly, MEI-
8]. It is not clear at present why some cullins are more1::GFP persisted during mitosis in csn-depleted em-
susceptible to regulation by neddylation.bryos, and the protein localized to centrosomes and the
forming mitotic spindle. It is thus likely that MEI-1 severs
the assembling astral microtubules during mitosis, A Speculative Model for the Regulation
thereby preventing proper anchoring of the mitotic spin- of Cullins by Neddylation
dle to the cell cortex. Indeed, astral microtubules in Genetic evidence suggests that cycles of neddylation
csn(RNAi) embryos appear shorter. Strikingly, all of and deneddylation may be required to promote ubiqui-
these spindle defects in csn embryos were restored by tin-mediated degradation by the CUL-3 complex. What
simultaneous inactivation of MEI-1; this finding demon- may be the mechanism of cullin regulation by neddyla-
strates that MEI-1 is the key target of the COP9/signalo- tion? Neddylation of human Cul1 has been shown to
some pathway. stabilize the interaction between the cullin and the E2
enzyme in vitro [10], and mutations in several charged
residues on Nedd8 dramatically decreases the ability ofThe Cullin CUL-3 Is Neddylated and Is a Substrate
of the COP9/Signalosome In Vivo Nedd8 to activate the ubiquitin ligase activity of the
Rbx1-Cul1 complex [24]. Consistent with this idea,We demonstrate that CUL-3 is neddylated in vivo, and
that its neddylation requires a functional RFL-1/NED-8 structural analysis of Cul1 revealed that the neddylated
lysine residue is located adjacent to its E2 binding sitepathway. Moreover, our data indicate that CUL-3 is an
important target of the COP9/signalosome complex. [9]. These results suggest that neddylation may promote
the recruitment of the E2 enzyme into the cullin complex.First, inactivation of the COP9/signalosome phenocop-
ies loss of cul-3, and, second, CUL-3 accumulated in We thus propose the following speculative model for
the neddylation cycle on CUL-3 (Figure 6). In the firstits neddylated form in csn(RNAi) embryos. We conclude
that both neddylation and deneddylation of CUL-3 is step, neddylation of CUL-3 is required to recruit the E2
enzyme into the ligase complex. The bound E2 enzymerequired for its function in vivo. Consistent with these
results, deletion of either RUB1 or RRI1 in S. cerevisiae will then transfer the activated ubiquitin onto the sub-
strate MEI-1, which interacts with the cullin through aexacerbates the growth defect of SCF mutants and
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the one predicted by gene-finder. Moreover, we were only able tostill unknown substrate adaptor (“x” in Figure 6). The
inactivate CSN-3 with dsRNA matching the 3 end of the gene.COP9/signalosome complex subsequently deneddy-
Taken together, these data suggest that CSN-3 starts at position 859lates CUL-3, thereby releasing the “empty” E2 enzyme.
(arrow) and encodes a 471 amino acid-long protein with a calculated
A new round of neddylation permits the recruitment of molecular size of 52 kDa (Figure S3).
a “new” E2 molecule conjugated to ubiquitin, thereby
allowing multiubiquitination of MEI-1. It has been esti- DNA Manipulations
Plasmids and oligonucleotides are listed in Table S1. Details ofmated previously that a chain of at least four ubiquitin
plasmid constructions are available upon request. Standard proce-moieties is required for the recognition and subsequent
dures were used for recombinant DNA manipulations [29]. PCR reac-degradation of ubiquitinylated substrates by the 26S
tions were performed with the Expand polymerase kit as recom-
proteasome [25]. This model predicts that disrupting the mended by the manufacturer (Roche). Oligonucleotides were
cycle, for example, in rfl-1 mutant embryos impairs the synthesized by Invitrogen. CSN-1, CSN-2, CSN-3, CSN-4, CSN-5,
recruitment of the E2, while mutants in the COP9/sig- and CSN-6 were amplified by PCR and were inserted in the two-
hybrid construct containing the Gal-4 activation domain (pACT-2)nalosome may “freeze” the empty E2 within the SCF
(GAL4 DNA-AD, LEU2, ampr, HA epitope tag; 8.1 kb) (Clontech) ascomplex. It thus nicely explains why we were able to
well as in the plasmid containing the Gal binding domain (pAS2-1)compensate a partial defect in neddylation of CUL-3 by
(GAL-4 DNA-DB, TRP1, ampr, CYHs2; 8.4 kb).
reducing the activity of the COP9/signalosome: neddyla- To construct a strain expressing MEI-1::GFP, mei-1 cDNA was
tion and deneddylation of CUL-3 antagonize each other, PCR amplified (TKa-Tkb) with PFU and was blunt cloned into Blue-
although both activities are required to activate the E3 script-SK (linearized with EcoRV). The fragment containing Mei-1
was cut out with the introduced SpeI sites (in the primers) and wasligase in vivo. Clearly, biochemical experiments are
cloned in frame with GFP under the control of the PIE-1 promoter.needed to directly test this model.
The MEI-1::GFP construct was bombarded into the unc-119 strainIf cycles of neddylation and deneddylation of cullins
as previously described [30].
are required for multiubiquitination of substrates, the
two activities must be coregulated and must be closely Yeast Strain Constructions and Two-Hybrid Experiments
connected with the cullin-based E3 ligase. Interestingly, Yeast strains are listed in Table S3. Yeast cells were transformed
by using the lithium acetate method as previously described [31].we found that the COP9/signalosome in C. elegans may
Two-hybrid assays were performed in MAV103 cells [32], and ex-be physically associated with the CUL-3 complex, as
pression of the HIS3 reporter was determined by growth on plateswe were able to detect an interaction between CSN-1
containing 0, 20, 50, and 100 mM 3 amino-triazole (3-AT, Sigma).
and CSN-6 and the ring-finger protein ZK287.5. ZK287.5
-galactosidase assays were performed on nitrocellulose filters as
is a homolog of Rbx1, and it is a likely component of described previously [33].
the CUL-3 ligase by several criteria. For example, ex-
pression of ZK287.5 in yeast was able to restore the Microscopy, Immunocytochemistry, and GFP Imaging
Microscopy experiments were carried out as described previouslyfunction of an rbx1 mutant, and inactivation of ZK287.5
[11] on a Zeiss 200M microscope, and embryos were photographedby RNAi at least partially mimics the phenotype of em-
with an Orca camera.bryos lacking CUL-3 (data not shown). In addition, CUL-3
contains the highly conserved Rbx1 binding site with C. elegans Strains and Manipulations
the amino acid sequence ILLKFN [26]. Consistent with The C. elegans Bristol strain N2 was used as wild-type. All strains
these data, mammalian Rbx1 and Cul1 have been shown were grown at room temperature (22C), except the temperature-
sensitive rfl-1(or198ts) mutant, which was grown at 15C and wasto coimmunoprecipitate with the signalosome complex
shifted to 25C for 5 hr before preparation of protein extracts.[12]. It thus appears that the COP9/signalosome com-
plex is associated with the E3 ligase in a large complex.
RNA-Mediated Interference
Because CUL-3 accumulated in its neddylated form Inserts used for RNAi experiments were amplified by PCR from
after inactivation of RBX-1 (ZK287.5) by RNAi, we sug- cDNA clones provided by Yuji Kohara at the National Institute of
gest that RBX-1 is involved in recruiting the COP9/sig- Genetics in Mishima (Japan). When cDNA clones were not available,
at least 500 bp of exonic genomic fragments were amplified by PCRnalosome to the cullin complex. While the deneddylation
and were subcloned into the pGEM-T vector (Promega). Double-activity appears to be physically linked to the SCF com-
stranded RNA was transcribed from the PCR products, annealed,plex, further work is required to test whether the same
and injected into the gonads of wild-type N2 hermaphrodites. The
is true for components involved in the neddylation of injected worms were regularly transferred to fresh plates until their
cullins. Clearly, CUL-3 in C. elegans provides a simple progeny exhibited lethality (24–48 hr postinjection). The RNAi em-
and genetically tractable system to investigate these bryos were examined with DIC and GFP microscopy.
Embryo extracts from cul-3(RNAi), csn(RNAi), or rbx-1(RNAi) werequestions.
prepared after feeding L4 animals for 48 hr on IPTG-containing
plates at 15C with bacteria HT115 transformed with the correspond-Experimental Procedures
ing feeding vector.
Sequence Analysis and Alignments
Database searches and PSI-BLAST [27] were carried out at the Protein Extracts, Antibodies, and Immunoblotting
Embryo extracts were prepared by hypochlorite treatment. AdultNCBI (http://www.ncbi.nlm.nih.gov:80/blast/). Multiple alignments
were performed by using ClustalW [28] and Boxshade 3.2 software worms were bleached, washed several times in M9 buffer, resus-
pended in 1 volume of laemmli buffer 3X, and boiled for 5 min at(http://www.ch.embnet.org/index.html). Accession numbers are
listed in Table S5. Alignments between the predicted CSN-3 with 95C. Standard procedures were used for SDS-PAGE and Western
blotting. The following antibodies were used in this study: anti-CUL-3CSN-3 proteins from other species revealed a unique amino-terminal
extension of 286 amino acids in C. elegans CSN-3 that is not con- (this study), anti-CSN-5 (this study), anti-NED-8 [34], anti-GFP
(Roche), anti--tubulin (Sigma), anti-Cdc53 (YN-18, Santa Cruz).served in other species. We suspected that the ATG start codon of
CSN-3 might not be correctly assigned. Indeed, we were able to Secondary antibodies conjugated to peroxidase against rabbit or
mouse antibodies were purchased from Biorad and were used ac-amplify CSN-3 from a cDNA library by using primers against the
potential ATG start codon located at position 859, but not with cording to the specifications provided by the manufacturer.
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